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TECHNICAL NOTE D-118  

INVESTIGATION OF THE FLOW 

OVER A SPIKED-NOSE HEMISPHEZl3-CYLINDEB 

A T  A MACH NUMBER OF 6.8 

By Davis H .  Crawford 

SUMMARY 

The shape and nature of the flow over a spiked-nose hemisphere- 
cylinder was studied i n  d e t a i l  a t  a nominal Mach number of 6.8 and i n  a 
Reynolds number range (based on diameter and stream conditions ahead of 
the model) of 0.12 X 10 
the e f f e c t  of varying the spike length and Reynolds number upon the shape 
of the separated boundary and upon the locat ion of t r ans i t i on .  
t r ans fe r  and pressure d is t r ibu t ion  over the body were then correlated 
w i t h  the location of the start of separation, the  locat ion of reattach- 
ment, and the locat ion f the start  of t r ans i t i on .  

6 6 t o  1.5 x 10 . Schlieren photographs showed 

The heat  
w 
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INTRODUCTION 

Spikes ahead of the blunt noses of bodies of revolution have been 
considered as a means of drag reduction by a number of invest igators  i n  
recent  years ( r e f s .  1 t o  9). 
stream as well  as spikes were observed t o  reduce the drag of a blunt body. 
One investigation ( r e f .  11) WES reported on the  use of spikes along the 
leading edge of a wing f o r  drag reduction. 
shown t h a t  the presence of a separated region ahead of a blunt body pro- 
duced by a spike ( r e f .  3) w i l l  cause a detrimental increase i n  the heat 
t r ans fe r  t o  a hemisphere nose f o r  a Mach number range of 1.75 t o  5.04, 
and a Reynolds number range of 0.155 x 10 6 t o  0.83 x 10 6 based on the 
diameter of the model. 
a Mach number of 14 and a Reynolds number of 0.365 x 10 6 ( r e f .  9 )  has 
shown the heat t ransfer  t o  be l e s s  than half  the blunt-body value. 
flow over the separated region and body was believed t o  be e n t i r e l y  
laminar. 

I n  reference 10 g a  ~ e t s  d i r e c t e d  inta the 

Heat-transfer tests have 

A recent investigation of spiked-nose bodies a t  

The 
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A greater  heat flux across a turbulent separated boundary than 
across an  attached tGbulent  boundary has been theore t ica l ly  predicted 
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(ref. 12) at a low Mach number but it was pointed out that the ratio of 
heat flux of the separated boundary to that of the attached boundary is 
a strong function of Mach number. 
at a Mach number of 0 for air but was calculated to be only 2.8 at a 
Mach number of 1.6. 
are at variance with the theory and have indicated an approximate reduc- 
tion of 60 percent in the heat transfer under a separated turbulent bound- 
ary layer artificially produced with a wire trip just ahead of separation. 
This disagreement between theory and experiment has been attributed to 
an incorrect assumption in the theory that the air in the low-velocity, 
reverse-flow region was drawn into the separated boundary layer at a tem- 
perature equal to the w a l l  temperature. 
ical heat transfer across a separated laminar boundary layer is reduced 
to about 56 percent of that across an attached laminar boundary layer 
according to reference 12. Experimental results in this case confirm the 
theory. 

This ratio was calculated to be 6.3 

More recent experimental results by Larson (ref. 13) 

For the laminar case the theoret- 

Interest has also been shown in separation phenomena concerned with 
two-dimensional flow (refs. 14 to 22). 
have given an insight into the characteristics of separated regions created 
by adverse pressure gradients caused either by steps, or by shock boundary- 
layer interaction. These results show the pressure rise at the start of 
separation, the shape of the boundary of separation, and the pressure 
under the separated boundary. These quantities are strongly affected by 
the Mach number and Reynolds number of the free stream, but are primarily 
affected by the position of transition and turbulence of the boundary 
layer with regard to the position of the separated region. 

Theoretical and experimental results 

The purpose of this investigation is to present the results of heat- 
transfer and pressure tests of a spiked-nose hemisphere-cylinder tested 
at a nominal Mach number of 6.8, and through a Reynolds number range 
of 0.12 x 10 6 to 1.5 x 10 6 (based on body diameter) together with a study 
of the effect of transition position. The range of Reynolds numbers was 
sufficient to allow study of the separated region on the same model with 
transition taking place after reattachment, on the separated boundary 
between separation and reattachment, and ahead of separation. Where pos- 
sible, the separation phenomena was compared with available theory. 

SYMBOLS 

b semihemispherical arc length 

CD drag coefficient 

D diameter of cylinder 
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nondimensional compressible-flow velocity gradient, (%$E) 

length of spike 

Mach number 

Nusselt number 

air pressure 

heat transfer to surface per unit area per unit time 

total heat transfer to hemisphere nose per unit time 

local radius normal to body axis 

radius of cylinder 

Reynolds number based on diameter and free-stream conditions 
ahead of the model 

transition Reynolds number based on local conditions and, for 
separatedflow, upon the distance from the start of separa- 
tion to the start of transition, or, for attached flow, upon 
the distance from the start of the boundary layer to the 
start of transition 

Reynolds number based on local conditions and, for separated 
flow, upon the distance from the start of separation or, for 
attached flow, upon the distance from the start of the bound- 
ary layer 

distance along body generatrix from stagnation point of 
hemisphere 

temperature 

local velocity at outside edge of boundary layer 

distance along separated boundary from start of separation or 
along attached boundary from start of boundary layer 

distance from front of spike to start of separation 

distance from hemisphere-cylinder juncture to station on 
cylinder 
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e conical half-angle of separated boundary at start of separation 

I cp 

7 time 

angle from stagnation point on hemisphere 

Subscripts : 

C local conditions on cone of separation 

i initial condition at start of run 

ns with no spike 

t to start of transition 

L 
2 
4 
a 

00 undisturbed free-stream conditions 

APPARATUS 

Tunnel Y 

The present investigation was conducted in the Langley 11-inch hy-per- 
sonic tunnel described in references 23 and 24. 
pheres pressure and is released through an adjustable pressure regulating 
valve and an air heater with tube resistance elements of nickel-chromium 
alloy (replacing the storage heater described in references 23 and 24) to 
the settling chamber and nozzle. A two-dimensional nozzle constructed of 
Invar and designed for a Mach number of 7 was used for this investigation. 
Tunnel calibrations have indicated a Mach number of 6.86 f 0.04 at a stag- 
nation pressure of 30 atmospheres and at a time of 60 seconds in the cen- 
tral core of uniform flow, which measures about 6- inches in the vertical 
direction by about 6 inches in the horizontal direction. The Mach number 
for these tests, however, had a significant possible variation from 6.86, 
and this variation is discussed further in a subsequent section. 

Air is stored at 50 atmos- 
I 

1 
2 

Models 

Three hemisphere-cylinder models were used in this investigation. 
These models had been tested previously without spikes and results were 
reported in reference 25. The interchangeable spikes were installed at 
the stagnation point where the models had been drilled and tapped to 
receive them. 
these models is presented in figure 1, and a photograph is shown as fig- 
ure 2. 

A cross-sectional view showing construction details of 

One of the two larger models was instrumented to provide 
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heat-transfer data and the other, to provide pressure-distribution data. 
The smallest model was used only for schlieren photographs which were 
used in the study of the flow characteristics. A l l  models were con- 
structed of SAE 1020 carbon steel. The dimensions of these models were 
carefully measured before the parts were assembled with silver solder. 

The heat-transfer model was 3.025 inches in diameter, 10.5 inches 
in length, and varied from 0.098 inch to 0.101 inch in w a l l  thickness. 
There were 25 thermocouples silver soldered into holes in the model skin 
so that their. effective measuring junctions were located on the inner 
surface. These thermocouples were of No. 36 gage chromel-alumel wire 
and were arranged in a spiral of one revolution on the hemisphere and 
two revolutions on the cylinder. 
on the hemisphere, fourteen were on the cylinder, and one was on the 
hemisphere-cylinder juncture as shown in figure 1. 

Ten of these thermocouples were located 

The pressure-distribution model was 3.000 inches in diameter, 
10.5 inches in length, and 0.10 inch in w a l l  thickness and contained 
16 pressure orifices located as shown in figure 1. 
were located on the base of the model. The orifices were 0.040 inch 
in diameter and were arranged in a spiral of one revolution about the 
hemisphere in order to reduce any orifice-interference effect. The 
orifices on the cylinder were also arranged in a spiral of one revolution. 

Two of the orifices 

The small model used only for the air-flow study was 1.17 inches 
in’diameter and 5.32 inches in length. The spikes used in this model 
extended 1.17, 2.34, 3.51, and 4.68 inches from the stagnation point of 
the hemisphere, and thus were respectively 1, 2, 3, and 4 hemisphere diam- 
eters in length. These spikes were constructed from No. 32 drill rod 
(0.116-in. diam.) and the diameter was very nearly 1/10 the diameter of 
the hemisphere-cylinder. The spikes used with the large hemisphere- 
cylinder models extended 1-, 3, 6, 9, and 12 inches from the stagnation 1 

2 
-e- pint of the hemisphere and were respectively, l/2, l, 2, 3, and 4 hemi- 
sphere diameters in length. These spikes were machined from 0.300-inch- 
diameter drill rod and also had a diameter 1/10 that of the hemisphere- 
cylinder. A l l  spikes were tipped with a nose cone of loo half-angle. 

Test Conditions 

For these tests it was considered important to vary the Reynolds 
number over the widest possible range. The Reynolds number was controlled 
primarily through the stagnation pressure, but the incidental variation 
in stagnation temperature had some effect. The tunnel stagnation pres- 
sures used were as low as 3.4 atmospheres and as high as 41.5 atmospheres, 
and the stagnation temperatures were in the range from about 1040° R to 
about 12600 R. The tunnel Mach number varies with the tunnel stagnation 
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pressure from about 6.3 near the start of the low-pressure runs to nearly 
6.9 for the high-pressure runs at about 60 seconds after the start. 

ahead of the model and the model diameter was from about 0.12 x 106 to 

I 

The 
total range of test Reynolds numbers based on the free-stream conditions 

1.5 x 106. 

.A 

I 

Instrumentation 

The temperature measurements included tunnel stagnation temperature 
and model skin temperature. The stagnation temperature was measured by 
shielded thermocouples distributed at various stations in the settling 
chamber. The potentiometers used for recording these temperatures were 
12-channel cyclic printers with a 1-second interval between data points. 
Skin-temperature thermocouples showing the greatest transient change in 
temperature were read on instruments with a 1-second full-scale response. 
Four temperatures were recorded on each instrument, so that each tempera- 
ture was recorded once every 4 seconds. 
on a pen and ink recording potentiometer to determine the accurate shape 
of the temperature-time curve. 

One skin temperature was read 

L 
2 
4 
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Model surface pressures were recorded on film by the evacuated cap- 
sule instruments described in reference 23. Pressure cells were chosen 
to give the full-scale deflection as nearly as possible for the measuring 
station. The stagnation pressure was recorded manually from the indica- 
tion of a high-accuracy Bourdon gage. 

b 

d 

The shape and nature of the flow around the model were obtained from 
a schlieren system which had a single-pass, vertical Z light path with a 
horizontal knife edge. This system may be arranged to project the image 
on a screen for visual observation, or to record the image on still or 
motion-picture film. The light source for the still photographs was a 
spark-fired mercury vapor lamp with about 3 microseconds duration. 
same lamp was operated continuously with a lower intensity for the motion- 
picture records. 
per second. 

The 

The maximum speed of these records was about 7,000 frames 

TEMPERATURE DATA REDUCTION 

A method of evaluating the temperature data to find the rate of heat 
flow into a hemisphere-cylinder model is outlined in reference 25. 
this reference the heat transfer was computed several times during a test 
by considering not only the time rate change of temperature at each sta- 
tion, but also the net heat storage due to conduction at each station. 

jecting the model to the test flow conditions and by determining the time 

In 

In the present tests the temperature data were obtained by suddenly sub- d 
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rate of change of model temperature near the start of the test. This 
sudden start was made by bypassing the flow through a secondary circuit 
until the temperature of the heater mass rose to the working level and 
then diverting this flow through t h e  test nozzle. The step function of 
stagnation temperature was not perfect, but the total stagnation tempera- 
ture was always established within 5 seconds. In order to account 
for the difference between the actual start and a perfect step-function 
start, the model temperatures were faired from the values at the time of 
stagnation-temperature equilibrium to values of the model wall tempera- 
ture at the start of the test, depending on the trend of the modeltem- 
perature at times exceeding that for stagnation-temperature equilibrium. 
An example of this fairing is shown in figure 3 .  
used in the fairing have been exaggerated for clarity. 

The scale increments 

Several advantages are inherent in this quasi-step start method of 
heat-transfer evaluation. The isothermal temperature distribution at 
the start of the test circumvents the need for heat-conduction correc- 
tions, and the radiation from the model near the start of the test is 
negligible. This constant skin temperature allows available isothermal 
heat-transfer theories to be applied more correctly. Furthermore, at 
the start of the test the temperature differential across the boundary 
layer is higher than at times later in the run, and a small uncertainty 
in the evaluation of the adiabatic wall temperature will cause a smaller 
error in the evaluation of the film coefficient of heat transfer near 
the start of the test. 

As a means of establishing the accuracy of this quasi-step start 
method of securing heat-transfer results, the model was tested in this 
manner without a spike, and these results were compared with results 
given in reference 25 which represent a careful attempt to measure heat 
transfer to this same model at several different wall temperatures while 
accounting for conduction within the model and radiation losses. 
present results scattered around the original data from reference 25 with 
an average deviation of' 12 percent. In +'le light of tiie inherent inaccu- 
racies of experimental aerodynamic heating measurements, this agreement 
was regarded as satisfactory. 

The 

The uncertainty associated with experimental recovery temperature 
measurements is avoided by presenting the results in terms of the ratio 
of the local heat-transfer rate with a spike to the heat-transfer rate 
at the stagnation point of the hemisphere without a spike. 
of the heat transfer at the stagnation point of the hemisphere was cal- 
culated for each set of tunnel conditions from the experimentally deter- 
mined value of the nondimensional heat-transfer coefficient determined 
in reference 25. 

The value 

' C  
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RESULTS AND DISCUSSION 
I 

J 

Flow Characteristics d 

Nature of the flow about the separated boundary.- Observations of 
the shape and nature of the flow over this body show trends similar to 
the findings for similar body shapes in references 1 to 9 and show general 
separated flow trends obtained on dissimilar bodies in references 14 
to 22. Flow separated from the surface of the spike ahead of the blunt 
body because the pressure rise of the hemisphere nose exceeded the =xi- 
mum allowable for attached laminar boundary-layer flow. The flow boundary 
of the hemisphere-cylinder was then effectively transformed to a flow 
boundary more nearly like that of a cone-cylinder. 

L 
2 
4 
8 

A qualitative idea of the effect of the different spike lengths and 
different test Reynolds numbers upon the flow is shown in the schlieren 
photographs of figure 4. 
forming the nose of the spike with 
the cone-cylinder juncture of the spike with 
separation was apparently fixed at the cone-cylinder juncture of spike 
with 
spikes with Thus, the start of separation first moved 
forward with the nose of the spike as the spike increased in length until 
the start of separation was no longer fixed to the cone-cylinder juncture 
with a further increase in the spike length. 
separation remained a nearly constant distance ahead of the blunt nose 
until transition occurred near the start of separation, at which time 
the start of separation moved back toward the blunt nose. 

The flow separated from the tip of the cone 
L/D = 1/2, but separated close to 

L/D = 1. The start of 

L/D = 2 but always occurred behind the cone-cylinder juncture for 
L/D = 3 and 4. 

Consequently, the start of 

It has been shown experimentally and theoretically (refs. 16 and 18) 
that the extent of separation over a two-dimensional separated region is 
a strong function of the Reynolds number when transition starts anywhere 
on the separated boundary and that the extent of the separated region of 
such a transitional boundary layer is reduced by an increase in Reynolds 
number. 
from the flow photographs (fig. 4) by the disappearance of the white line 
of the laminar separated boundary, or by the appearance of a speckled 
region in the background of the separated flow. 
of the separated flow over the spikes at the lowest stream Reynolds num- 
bers show little or no evidence of unsteady flow on the separated bound- 
ary. A s  the Reynolds number increases, the start of transition can be 
seen moving forward on the boundary of separation, and there is evidence 
of some waves of unsteady flow of small amplitude and high frequency, 
but the shape of the separated region shows little change. The start of 
separation from the spikes having values of 
ently moves forward slightly with a further increase in Reynolds number, 
even after the start of transition is located on the separated boundary. 

The start of transition on the separated boundary can be detected 

The schlieren photographs 

L/D of 1/2, 1, and 2 appar- 



2Y 

‘J 

w 

L 
2 
4 
8 

d 

U 

I ’  

I 

4 

9 

The movement of the start of separation on the spikes with 
and 4 
ure ?. 
laminar theory of reference 18, even though t r ans i t i on  e x i s t s  on the 
separated boundary over much of the Reynolds number range. 
a spike with 
theory and then the rearward movement charac te r i s t ic  of the turbulent  
theory. 
t o  the  region of the  start of separation. 
not expected t o  follow the da ta  f o r  a spike length of 4 diameters accu- 
ra te ly ,  however, since a constant pressure coeff ic ient  w a s  assumed at  the  
start of separation when t h i s  trend w a s  evaluated. 
changes i n  the extent of separation during a test .  
random, o r  could be explained by a change i n  flow conditions during a t e s t .  
The varying temperature of the model had l i t t l e  e f f ec t  on the  extent of 
separation, as had been found i n  t e s t s  at  lower Mach numbers ( r e f s .  20 
and 21). 

L/D = 3 
i s  greater  than that f o r  the shorter  spikes and i s  shown i n  f i g -  
The data f o r  the spike with L/D = 3 follow the trend of the  

The data f o r  
L/D = 4 show the  forward movement predicted by the laminar 

This rearward movement did not occur u n t i l  t r ans i t i on  had moved 
The theory of reference 18 is 

There were s l i g h t  
These changes were 

The e f f e c t  of Reynolds number and spike length on the conical ha l f -  
angle of separation of the laminar boundary layers  i s  shown i n  f igure  6. 
A s  the  spike length i s  increased, the angle of separation of the laminar 
boundary-layer is  reduced. 
been computed f o r  both a conical shock and f o r  an oblique shock from the  
r a t i o  of the l o c a l  stream Mach numbers after and before separation as 
determined i n  reference 14 f o r  the two-dimnsional case. For t h i s  cal-  
culat ion it was assumed t h a t  M = 6.8 and Fc = 0, where F, is  the 
nondimensional compressible velocity gradient (xo/U) (dU/dx) a t  the 
s t a r t  of separation. The calculations f o r  the conical shock are seen 
t o  agree roughly with much of the data f o r  spike lengths of 3 and 4 diam- 
e t e r s .  The calculations f o r  the  other spikes do not agree since the for -  
ward movement of the s t a r t  of separation was l imited by the nose of the  
spike.  

The angle of separation from the spike has 

It i s  apparent t h a t  the angle of separation i s  a weak function of 
Reynolds number f o r  a l l  t e s t s  except those with spike lengths of 4 diam- 
e t e r s  a t  Reynolds numbers (based on diameter) above about 0.8 x 106. 
Furthermore, a t  l e a s t  part of the small decrease observed i n  the angle 
of separation a s  compared with that of the shorter  spikes f o r  the Reynolds 
number increase from 0.12 x 106 t o  0.7 x 10 6 i s  ascribed t o  the accom- 
panying Mach number increase from approximately 6.5 t o  6.8. 
the spike length of 4 diameters show a decrease i n  the separation angle 
as the  Reynolds number increases t o  about 0.8 x lo6, but as t r ans i t i on  
begins t o  occur ahead of separation, the separation angle increases with 
a fur ther  increase i n  Reynolds number. The flow over the spike a t  the 
start of separation f o r  the t e s t s  does not appear t o  be f u l l y  turbulent,  
however, since the data has not reached a l e v e l  where it i s  unaffected 
by a change i n  Reynolds number as  is expected f o r  the f u l l y  turbulent 
case ( r e f s .  14  and 15) . 

The data f o r  
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Transition was not observed anywhere on the model when tested with- 
out a spike in the Reynolds number range (based on free-stream conditions 
and body length) of 0.49 x lo6 to 3.69 x lo6. The range of Reynolds num- 
bers to transition for flow along a relatively sharp-leading-edge hollow 
cylinder in the 11-inch hypersonic tunnel have been shown (ref. 26) to be 
approximately 1 x 106 to 5 x 10 6 for a stream Reynolds number range of 
from 0.13 x 106 per inch to 0.45 X lo6 per inch. The start of transition 
for the spiked-nose body was observed on the separated boundary or ahead 
of it for all tests at Reynolds numbers based on stream conditions and 
the hemisphere-cylinder length above about 0.5 x 10 . 
number based on the length of the boundary layer to transition occurred 
as a result of a test of the spike with and was about 
0.06 x 106 based on the stream conditions ahead of the model and the 
boundary length to transition. Thus, it is seen that much lower transi- 
tion Reynolds numbers were realized on the spiked-nose body. 
suggests the use of spikes or of other separation-producing devices to 
trip the boundary layer when early transition is desired. 

6 The lowest Reynolds 

L/D = 1/2 

This result 

Transition Reynolds numbers on the separated boundaries.- The transi- 
tion Reynolds numbers for the separated boundary layer have been evaluated 
and correlated on the basis of the distance from the start of separation 
to the start of transition, as suggested in reference 16. These distances 
to transition for the various spikes as a function of free-stream Reynolds 
number based on diameter are shown in figure 7. A t  the lowest values of 
RD 
boundary appeared to be entirely laminar. These cases have been plotted 
in figure 7, where the total length of the separated region is used as 
the characteristic length, with arrows to indicate that possible transition 
lengths are greater than the plotted values. 
about 0.8 x 106 there is no evidence of laminar flow over the separated 
region on the spike with L/D = 4, and with increasing Reynolds number 
above this approximate value, transition moves out ahead of the separated 
region. The stream conditions used in the transition Reynolds numbers 
are the local flow conditions for a cone of the same angle as the cone 
of separation of the laminar boundary shown in figure 6. 
sures and the local Mach numbers for these cone angles are shown in fig- 
ures 8 and 9, respectively. 
been computed for both a conical shock and for an oblique shock from the 
ratio of the local stream Mach numbers after and before separation as 
determined in reference 14 for the two-dimensional case. For this cal- 
culation it was assumed that M = 6.8 and Fc = 0 as was done previously 
in the determination of the angle of separation. 
the local Mach numbers determined in this way agree approximately with 
the values calculated from the cone angles of figure 6. 

for spike lengths of 3 and 4 diameters, the flow on the separated 

For a Reynolds number above 

The local pres- 

The pressure over the separated region has 

The local pressures and 
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The transition Reynolds numbers evaluated in the above manner are 
shown in figure 10 plotted against the local Reynolds number per inch 
on the cone of separation. 
than the values expected for an attached boundary layer on a flat plate, 
but they increase with an increase in local stream Reynolds number per 
inch, in a fashion similar to that generally obtained for an attached 
boundary layer. 
tion Reynolds numbers increase with an increase in spike length. This 
effect is in agreement with the trend shown in reference 16, where the 
stability of a laminar mixing layer increases with an increase in Mach 
number. 
tion Reynolds numbers for the flow over the spike with 
to follow a different pattern. 
indication of instability of the boundary layer on the spike ahead of 
separation at a stream Reynolds number based on the distance along the 
spike to separation of 0.31 X 10 6 . 

These transition Reynolds numbers are lower 

At Reynolds numbers per inch below 0.1 x 106, the transi- 

At Reynolds numbers per inch above about 0.1 X lo6, the transi- 
L/D = 4 begins 

This flow characteristic may be a first 

A cross plot of the data in figure 10 at four different Reynolds 
numbers is shown in figure ll to allow a closer observation of the effect 
of local cone Mach number upon the transition Reynolds number. These 
data show the same trend as the data of reference 16. 
the absolute level of the two sets of data should not be made, however, 
since two-dimensional flow is compared with conical flow, and this dif- 
ference cannot necessarily be corrected by the Mangler transformation 
(ref. 26). 
just ahead of the start of separation, and the transition Reynolds num- 
bers were based on the flow conditions and length of the separated layer 
just before any transition was noticed on the separated boundary. The 
data in figure 11, however, show the lower transition Reynolds numbers 
on the separated boundary at the lower Mach numbers and hint that at 
higher local Mach numbers the transition Reynolds numbers for separated 
flow and attached flow may approach the same value. 

The comparison of 

Also, the f l o w  conditions of reference 16 were evaluated 

Some photographs of the flow around the smaller spiked body are shown 
in figure 4. 
lengths of 1 and 2 diameters since the turbulent boundary is so fine that 
it is obscured by the background. 
seen in the flow for spike lengths of 3 and 4 diameters, and although 
some detail is lacking in the photographs of the smaller model, it appears 
that the flow fields are similar at the same stream Reynolds numbers 
based on diameter. 
s m a l l  model are shown in figures 5 to 10. These data show reasonable 
agreement with the data for the larger model, and show data in figure 10 
for the spike length of 4 diameters at a higher unit Reynolds number 
than is possible with the larger model since the smaller model can be 
tested at these higher unit Reynolds numbers before transition takes place 
on the spike ahead of separation. It is then apparent that the sharp 

It is difficult to see the start of transition with spike 

The turbulent boundary can be easily 

Some measurements from schlieren photographs of the 
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change in trend seen in figures 5, 6, 8, and 9 would occur at a slightly 
higher Reynolds number for the smaller model. 

A s  mentioned before, unsteady flow which appeared as a waviness of 
Some the boundaries and shocks was apparent in the schlieren pictures. 

of the boundaries were wavy when there was little evidence of transition, 
but this waviness seemed to be the first sign of instability on the sepa- 
rated boundary. The amplitude of the oscillation was much smaller and 
the frequency was much higher than that obtained from other investiga- 
tions (refs. 6 and 7). 
as 7,000 frames per second failed to show the unsteadiness except as 
fuzzy straight lines. 
waviness had a spark duration of approximately 3 microseconds. 

Schlieren motion pictures taken at rates as high 

The spark schlieren photographs which showed the 
L 

2 
8 

Pressure Distribution 

The spike ahead of the stagnation point of the hemisphere affects 
the visible flow characteristics in the manner previously described. The 
effect of the altered flow characteristics upon the local pressure dis- 
tribution is shown in figure 12 for different spike lengths and different 
Reynolds numbers. The pressure near the stagnation point is reduced by 
a factor of 4 by the shortest spike, and this pressure reduction increases 
with increasing spike lengths until the pressure is reduced by a factor 
of 25 in the case of the longest spike at the lowest Reynolds number. 

taken from figure 8. 
this cone value toward a maximum at the reattachment point, and then 
decreases rapidly after reattachment. 
to the stagnation point pressure with no spike when spike lengths of 
1/2 diameter and 1 diameter are used. 
the location of the peak pressure moves back as the location of reattach- 
ment moves back, and the maximum pressure at reattachment is reduced 
since the angle between the separated and solid boundaries is reduced, 
except when the shape of the separated region changes radically at higher 
Reynolds numbers for spike lengths of 4 diameters. 

w 

These pressures are well predicted by the ranges of the cone pressures d 

The local pressure on the hemisphere increases from 

This maximum pressure is similar 

With increasingly longer spikes, 

The spike reduced pressures on the cylinder by nearly 50 percent in 
some cases. The affected region on the cylinder is smaller with shorter 
spikes, however. The cylinder pressures were below the pressures obtained 
with no spike for about 1 diameter behind the hemisphere-cylinder juncture 
with the spike length of 1/2 diameter,, and for about 2 diameters behind 
this juncture for the spike length of 1 diameter. The cylinder pres- 
sures with spike lengths of 2, 3, and 4 diameters were below the pres- 
sures with no spike over the entire cylinder. For comparison with 
cone-cylinder pressures, the pressure expected near the front of the 
cylinder with the overexpansion considered has been calculated for 
M = 6.8 by using cone theory and a two-dimensional expansion at the 
shoulder. A s  is shown in figure 12, although the measured pressure at the 

b 
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hemisphere-cylinder juncture is, in general, lower than that for the 
unspiked body, it is not as low as the value obtained by this calculation. 

The effect of Reynolds number on the pressure distribution over the 
model is greater near the location of reattachment and ahead of this point 
than over the remainder of the model. For the model with the spike length 
of 1/2 diameter, the pressure increases with Reynolds number at the 30° 
station (which is in the forward part of the reattachment region) as would 
be expected under the transitional boundary layer according to reference 16. 
With increasingly longer spikes, the station showing the expected varia- 
tion of pressure is located farther from the stagnation point of the hemi- 
sphere. Some movement is observed in the location of reattachment as the 
Reynolds number changes, however, and part of the variation of pressure 
is caused by this movement, especially when the location of reattachment 
is very close to an orifice location and moves across it as the Reynolds 
number is varied. The spike causing the greatest variation in pressure 
with Reynolds number is the spike with L/D = 4 (fig. 12(e)). In this 
instance, it has been shown that the start of separation moves back along 
the spike as the Reynolds number is increased (fig. 5) and the angle of 
the start of separation varies by a factor of 4 (fig. 6), whereas for the 
other spike lengths the variation from a mean value is less than 20 per- 
cent. 
4 diameters at the highest Reynolds numbers agrees with the pressure dis- 
tribution for the spike length of 1 diameter. The shape of the separated 
region was nearly the same in these two cases (as shown in figs. 5 and 6). 
No effect of the oscillation of the separated boundaries and shocks was 
noticed in the pressure measurements; probably the frequency of oscilla- 
tion was too high for the frequency response of the pressure-measuring 
instruments. 

Notice that the pressure distribution for the spike length of 

The effect of the spike length upon the pressure drag of the hemi- 
sphere is shown in figure 13 .  The drag coefficient was determined by 
graphically integrating the areas under curves of the pressure coeffi- 
cients plotted against (r/R)2. It is apparent that the pressure drag 
of the hemisphere is reduced as the spike length is increased to 3 diam- 
eters. There is little change in the drag coefficient as the spike length 
is further increased to 4 diameters except in the case of Reynolds num- 
bers above about 0.8 x lo6. In this case the drag coefficient is asso- 
ciated with the sharp increase in the angle of the start of separation 
(fig. 6) and with the rapid retreat of position of the start of separa- 
tion (fig. 3 )  caused by extensive transition of the attached boundary- 
layer on the spike at this Reynolds number. These results are in agree- 
ment with many of the findings of other investigations (refs. 1 to 9 ) .  

The drag coefficients are plotted as a function of Reynolds number 
in figure 14. These data show further the drag reduction caused by the 
increasing spike length and indicate the manner in which the drag coef- 
ficient increases as the Reynolds number is increased. This effect has 
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been shown previously in reference 7. This drag increase is caused by 
the expected increase in pressure under the transitional separated bound- 
ary as shown in reference 16. 
length of 4 diameters become similar to those for a spike length of 1 diam- 
eter in the high Reynolds number range. 

Again notice that the results for a spike 
I 

Heat Transfer 

The total heat transfer to a blunt nose has been increased by the 
addition of flow separation spikes under some conditions (ref. 3)  and has 
been decreased by the addition of these spikes under other conditions 
(ref. 9). Theoretically (ref. 12) an increase in heat transfer might be 
expected for transitional or turbulent flow in the boundary layer over 
the separated region, since a large increase is predicted for lower Ma& 
numbers. 
ence 13, however. 
should be expected for laminar flow over the entire separated region. 
the present investigation, the range of test Reynolds numbers was such 
that it was possible to cover the range from laminar to turbulent flow 
over the separated region caused by the nose spikes. 

This result is contrary to the experimental results of refer- 
According to reference 12, a decrease in heat transfer 

In 

The ratio of the local heat transfer with a spike to that expected 
at the stagnation point without a spike is shown in figure 15. Data 
taken with no spike are shown for comparison. 
unmodified hemisphere-cylinder are those obtained in the course of the 
present tests by the quasi-step start technique. The heat transfer is 
reduced near the base of the spike in all cases, but increases to a maxi- 
mum near the point of reattachment to the hemisphere. This maximum value 
of heat transfer was below the no-spike stagnation-point value for the 
lowest Reynolds number tests with all the spikes, but the maximum value 
of heat transfer was from approximately 50 percent greater to double the 
no-spike stagnation-point value for the tests at the highest Reynolds 
numbers. From this maximum value the heat transfer falls rapidly over 
the remainder of the hemisphere nose and first part of the cylinder. 
The magnitude, the shape, and the correlation of this peak value with the 
location of reattachment suggest the start of a new boundary layer near 
the location of reattachment for theoretical consideration. Over the 
reminder of the cylinder the heat transfer either falls slowly, levels 
off, or increases in the fashion expected for the start of a transitional 
region. 

The data shown for the 

An attempt was made to fit theory to the heat-transfer results of 
figure 15. 
method (ref. 28) ,  which allows a transformation of an experimental 
pressure-gradient parameter to the corresponding incompressible flat- 
plate parameter by means of the Stewartson and Mangler transformations, 
and then allows the transformation of suitable incompressible flat-plate 

Laminar-theory values were computed by the Stine and Wanlass 
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heat-transfer parameters back to the compressible axisymmetric case by 
means of the same transformations. 
from a method by Cohen, (ref. 29)  in which the heat transfer was derived 
from the integrated equations of the boundary layer. The derivation 
utilized a Stewartson type transformation of the equations, the assump- 
tion of a quadratic dependence of total enthalpy upon velocity across the 
boundary layer (in which the coefficients of the velocity terms are func- 
tions of pressure gradient), and a compressibility correction for skin- 
friction coefficient based on flabplate experimental data. The method 
was applied specifically for inverse-power-law velocity profiles and fric- 
tion coefficients. 

Turbulent-theory values were obtained 

In both theories, the local heat transfer was computed by assuming 
the boundary layer to start at the apparent location of reattachment as 
seen from the schlieren photographs. The stagnation pressure and density 
of the flow after reattachment were calculated by considering the total- 
pressure loss at the nose of the spike, the total-pressure loss through 
the conical shock at separation, and the total-pressure loss through the 
oblique shock at reattachment. The recovery temperature was determined 
from the square root of the Prandtlnumber for the laminar-theory values 
and from the cube root of the Prandtl number for the turbulent-theory 
values. The stagnation-point heat transfer on the cylinder without a 
spike was computed from experimental results presented in reference 25. 

The agreement between theoretical results and experimental data is 
not very close, but in general the trends indicated by the data are sup- 
ported by the theoretical results. The theoretical calculations are very 
sensitive to pressure gradients, and part of the disagreement seen may 
be ascribed to slightly inaccurate pressure results used in the theories. 
It also appears that the agreement between theory and experiment could 
be enhanced in some cases by a small adjustment in the location of 
reattachment. 

There is a noticeable dip in the heat transfer to the cylinder in 
the region immediately behind the hemisphere for spike lengths of 1 and 
4 diameters (figs. 15(b) and (e)) at the highest Reynolds number and 
the heat transfer to the remainder of the cylinder suggests boundary- 
layer transition. A reexamination of figure 12 shows that the favorable 
pressure gradient shortly after reattachment is much greater for L/D 
values of 1 and 4 at the highest Reynolds number tests than for the other 
tests. The reestablishment of a laminar boundary after transition has 
been studied both experimentally and theoretically on a 5 8 O  cone-cylinder 
model in reference 30, and it appears that the effect shown in this ref- 
erence may explain the dip in these data near the hemisphere-cylinder 
juncture. It is also noticed that the turbulent theory shows a dip near 
the dip seen in the data, which may provide an alternate explanation. 
This theory for the spike with L/D = 1 (fig. l>(b)), however, showed 
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an unrealistic small negative value of heat transfer over a small region. 
Thus, it is possible that the theory breaks down in this region. 
fore, the exact nature of the flow in this region is uncertain. 

There- 

rl 

The effect of the variation of spike length upon the heat transfer 
is illustrated by replotting the data presented in figure 15 at approxi- 
mately the same Reynolds number, and the results are shown in figure 16. 
The main effect is seen for the plot with the range 
0.14 x 10 6 (fig. l6(a) ) . 
is on the threshold necessary for pure laminar flow in the separated 
region. 
Reynolds number variation, since the condition of the boundary layer is 
very sensitive to the Reynolds number in this range. 
Reynolds number ranges of 0.33 x lo6 5 RD 0.39 x lo6 and 
0.59 x 10 5 RD 5 0.66 x lo6 the variation of heat transfer as a function 
of spike length is more noticeable near the nose of the configuration. 
The general consequence of lengthening the spike is a reduction of the 
heat transfer in the small area near the base of the spike, and an increase 
in the heat transfer after reattachment on the remainder of the hemisphere 
surface. 
0.92 x lo6 5 RD 5 1.07 x lo6 and 1.2 x lo6 5 RD d 1.4 x lo6 
and (e)), the dip in the heat transfer just behind the hemisphere-cylinder 

may be seen for the spike lengths of 1 and 4 diameters. 
local values of the heat transfer over the hemisphere are not as clearly 
seen for this range of Reynolds number. 

RD 5 0.16 x lo6 This Reynolds number range 

Thus, much of the variation in figure 16(a) is caused by the 

For the higher 

6 

At the higher test Reynolds numbers of 

(figs. 16(d) L 

juncture suggesting the reestablishment of laminar flow in this region 
4 

The trend of 
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The effect of the different spike lengths on the total heat transfer 
to the hemisphere nose is shown in figure 17. 

against the total area to the station. 
Reynolds numbers the heat transfer to the hemisphere is approximately 
doubled by the presence of the spike as has been reported in reference 3 .  
The heat transfer decreases at reduced Reynolds numbers until the presence 
of the spike seemed to reduce the heat transfer by about 50 percent during 
tests at the lower Reynolds numbers. 
a reduced heat transfer under a separated boundary by the theory of ref- 
erence 11, and with the reduced heat transfer to a spiked-nose body tested 
in helium at M = 14 and RD = 0.365 x 10 in reference 9. 

The total heat input to 
the hemisphere was evaluated by integrating curves of qs/%, ns plotted 

It is apparent that at high 

This agrees with the predictions of 

6 

Some interest has been shown in the ratio of drag to heat transfer 
since this is a measure of the effectiveness of aerodynamic braking in 
the atmosphere. 
ficient to the total heat input to the hemsiphere is shown in figure 18. 

w 

The effect of the spike upon the ratios of the drag coef- 

rr 
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This ratio is reduced by the spike in all cases studied in this inves- 
tigation. Thus, if a high drag to heat transfer ratiG is desired for 
braking purposes at reentry into the atmosphere, the indication from 
these tests is that the spike is always detrimental. Similar results 
have also been mentioned by Bogdonoff and Vas (ref. g), where at 
RD = 0.363 x 10 6 , and with a spike length of 4 diameters the heat-transfer 
coefficient was reduced to about 1/3 the no-spike value, while the drag 
coefficient was reduced to less than 1/10 the no-spike value. 

M = 14, 

CONCLUDING REMARKS 

In this investigation a spiked-nosed hemisphere-cylinder was tested 
at a nominal Mach number of 6.8 and in a free-stream Reynolds number 
range (based on the hemisphere diameter) of about 0.12 x 10 6 to 1.5 x 10 6 
to determine the effect of the spike upon the shape and nature of the 
flow boundaries, the pressure distribution, and the aerodynamic heating 
over the model surface. 
the investigation of the three cases of laminar, transitional, and turbu- 
lent flow over the separated boundaries. 

This wide range of Reynolds numbers has allowed 

The results of this investigation show that the heat transfer to 
the spiked-nosed hemisphere was greatly influenced by the type of flow 
over the separated boundary. The integrated heat transfer to the 
hemisphere was increased by the presence of the spike over the greater 
part of the Reynolds number range (between 0.3 x lo6 and 1.5 x lo6),  
but was decreased by the presence of the spike at the lowest Reynolds 
numbers (between 0.14 x 106 and 0.17 X lo6) .  At the lowest Reynolds 
numbers the flow was laminar, although in some cases there was some 
evidence of transition at the location of reattachment. However, at 
the slightly higher Reynolds numbers (approx. G.3 x loG), the start of 
transition was evident ahead of reattachment. 

The pressure drag coefficient of the hemisphere-cylinder was reduced 
by all the spikes as has been observed by other investigators. As the 
spike length was increased, the drag coefficient was reduced until a 
minimum value was realized. Further increase in spike length caused 
an increase in drag coefficient when the Reynolds number was high enough 
to cause transition in the region of separation. The ratio of drag to 
heat transfer was reduced by the spike in every test, regardless of 
the spike length and location of transition. 

The results for this three-dimensional axially symmetric body differ 
from findings for separation on a two-dimensional body in that some of 
the previously observed effects of the transitional separation were not 
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seen in the present tests until the start of transition was in the 
region of the start of separation or ahead of it. One of the major dif- 
ferences occurred when the start of separation continued to follow the 
laminar law instead of the transitional law as transition moved forward 
of the reattachment point. 

The transition Reynolds numbers for the separated boundary layer 
were less than those for a solid boundary over the range of local Mach 
numbers used in the investigation. The transition Reynolds numbers 
based on local stream conditions over the region of separation increased 
with both an increasing Mach number and Reynolds number. 
that at increasing Mach numbers the transition Reynolds numbers for the 
separated boundary were approaching those f o r  a solid boundary. 

It appeared L 
2 
4 
8 

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley Field, Va., August 11, 1s9. 
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Figure 1.- Construction and instrumentation details of heat-transfer and 
pressure models. 
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Figure 4.- Continued. 
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